The macroscopic mechanical properties of densely packed coagulated colloidal particle gels strongly depend on the local arrangement of the powder particles on length scales of a few particle diameters. Heterogeneous microstructures exhibit up to one order of magnitude higher elastic properties and yield strengths than their homogeneous counterparts. The microstructures of these gels are analyzed by the straight path method quantifying quasi-linear particle arrangements of particles. They show similar characteristics than force chains bearing the mechanical load in granular material. Applying this concept to gels revealed that heterogeneous colloidal microstructures show a significantly higher straight paths density and exhibit longer straight paths than their homogeneous counterparts.
I. INTRODUCTION
Mechanical properties of coagulated colloids are important in many technical areas. Sediments [1] , ceramic pastes and suspensions [2] , pharmaceutical formulations such as crèmes and emulsions [3] and some food [4] are examples, for which it is desirable to control the mechanical properties.
Recently, an internal gelation method (DCC = direct coagulation casting) [5, 6] was developed to process electrostatically stabilized colloidal suspensions to coagulated particle gels. Thereby it was found that this method permits to control the gels' microstructures for volume fractions ranging from 0.2 to 0.6. The method allows for an in situ, i.e., undisturbed destabilization of the colloidal suspension by either changing the pH of the FIG. 1: Microstructure of coagulated silica suspensions at a volume fraction of 0.4 formed by the ∆pH-(left) and the ∆I-method (right) using the DCC process (particle diameter 0.525 µm). Micrographs obtained by cryogenic scanning electron microscopy [7] . * Electronic address: iwan.schenker@alumni.ethz.ch solution (∆pH-method) resulting in a "homogeneous" microstructure or by increasing the ionic strength (∆I-method) leading to a "heterogeneous" microstructure [7] . Figure 1 shows cryogenic scanning electron microscopy (cryo-SEM) pictures of both microstructures. The particles in the ∆pH-coagulated gel present a highly homogeneous microstructure whereas in the ∆I-system inhomogeneities on the length scale of a few particle diameters are observed. This qualitative observation was quantified by the three-dimensional pair-correlation function calculated from stereo cryo-SEM images [7] and by in situ performed diffusing wave spectroscopy (DWS) experiments during destabilization [8] . The structural differences correspond to differences in the heterogeneity: the first peak of the pair-correlation function at r/d = 1 (r being the distance between the particles and d the particle diameter) is higher for the ∆I-system indicating locally denser regions with higher average coordination number. Also, local maxima are present in the pair-correlation function for the ∆I-system at r/d ≈ 1.4 and at r/d ≈ 1.6 corresponding to characteristic peaks in hexagonally packed particle arrangements. During the ∆I-destabilization, particle rearrangements lead to larger pores and thus to less homogeneous microstructures [8] , whereas during the ∆pH-destabilization, the initially stabilized, liquidlike microstructure, is "frozen", which results in a more homogeneous microstructure.
Rheological and uniaxial compression experiments on coagulated colloidal structures obtained by DCC [9, 10] showed that colloids with heterogeneous microstructures have significantly higher elastic moduli and yield strengths than their homogeneous counterparts. Measuring the dynamics of the colloids during destabilization by DWS confirmed these findings quantitatively using a model for the storage modulus proposed by Krall and Weitz [8, 11] .
Alkali-swellable polymer (ASP) particles were used in order to introduce heterogeneities during the pH- destabilization. Small amounts of 80 nm ASP particles were admixed to the powders under acidic conditions. These particles swell upon changing pH during the internal gelling reaction of the DCC process and enfold to 0.7 µm size producing less homogeneous microstructures. Those samples with swollen polymer particles showed much higher mechanical properties in comparison to samples without swellable polymers and hence more homogenous microstructures [12] . In particular, they present the same high mechanical properties as samples with heterogeneous microstructures produced by the ∆I-method [12] .
Examples of the rheologically measured elastic properties of alumina particle suspensions (average particle diameter d 0 = 0.4 µm) for different volume fractions destabilized by the ∆pH-and the ∆I-method, respectively, are shown in Fig. 2 . Almost one order of magnitude higher elastic plateau storage moduli are measured for heterogeneous microstructures than for those with homogenous microstructures [10] .
In summary, strong evidence is given that the differences in macroscopic mechanical properties of coagulated particle suspensions are controlled by the differences in microstructure. An open question is now how these microstructural differences on particle length scales can have such a dramatic influence on the mechanical properties. Therefore, a concise quantitative analysis of microstructures of colloidal particle systems is needed.
In preceding works, various characterization methods, such as the radial pair-correlation function [13] , the bond angle distribution function [13] , the triangle distribution function [13] and the Minkowski functionals in conjunction with the parallel-body technique [14] , were applied to sets of microstructures generated by Brownian dynamics (BD) simulations [15] . These simulations were used to study the coagulation dynamics and the evolving microstructures in dense colloidal suspensions and the resulting microstructures agree well with experiments [16] .
While the pair-correlation function permits to quantify the amount of structural rearrangement during the coagulation [13] , the analysis using the Minkowski functionals in conjunction with the parallel-body technique supplies additional information on the structure's morphology resolving microstructural differences on a length scale limited by the largest pore size [14] . The bond angle distribution function and the triangle distribution functions are useful means to examine the local building blocks of the particle network [13] . Particular features, as, for example, peaks in the respective distribution function have successfully been correlated to the structure's heterogeneity and porosity. The same conclusion is valid for the Minkowski functionals [14] .
All these four methods are good means to compare structures in terms of their heterogeneity. However, these structural descriptions do not unambiguously help to understand why more heterogeneous colloidal structures possess stronger mechanical properties, as they do not adequately capture the microstructural characteristics that are responsible for the mechanical properties of these particle systems.
It is well known from granular matter physics that particulate systems under mechanical stress carry load via chains of contacting particles, termed as force chains, as observed in experiments on granular materials [17] and in simulations [18] . Granular materials, as, for example, sand piles, that contain large amounts of particles arranged in chains of contacting particles are expected to possess higher mechanical properties than those in which the particles have to rearrange upon applied external load in order to form such chains. Hence it is plausible that these chains of contacting particles control the mechanical properties.
The aim of this paper is to adequately analyze the microstructure of dense colloids and to link microstructural differences to differences in macroscopic mechanical properties upon applied mechanical stress. Thereby, the focus is on the identification of densely packed regions and chains of contacting particles in these particle networks that may correlate differences in mechanical properties with differences in microstructures. Our approach is to analyze the distribution of densely packed regions in each microstructure using the common neighbor distribution and the dihedral angle distribution function. Additionally, a new method called the straight path method, characterizing the quasi-linear arrangement of particle chains, is introduced. The evaluation of these characterization methods is performed with regard to their ability to distinguish quantitatively between homogeneous and heterogeneous microstructures obtained from BDsimulations [15] mimicking well those found in experiments [16] . 
II. MATERIALS AND METHODS

A. Structure Generation
The homogeneous and the heterogeneous microstructures are fully coagulated colloidal suspensions obtained from Brownian dynamics (BD) simulations [15] . The Derjaguin-Landau-Verweg-Overbeek (DLVO) theory [19] was used to describe the particle-particle interaction, where pair-wise particle potential interactions are assumed given by the sum of the van der Waals attraction V vdw (Eq. (1)) and the electrostatic double layer repulsion V el (Eq. (2)). Thus,
and
respectively. The DLVO parameters are summarized in Table I and the potential curves for various values of the surface potential Ψ 0 are shown in Fig. 3 .
For Ψ 0 = 0 mV, the electrostatic double layer repulsion is zero and the inter-particle potential is only given by the attractive van der Waals potential. For Ψ 0 = 12 mV a secondary minimum appears and ∆E denotes the energy barrier between the local maximum and the secondary minimum. For Ψ 0 = 15 mV, a repulsive barrier of ∆E = 5.65 k B T exists and the secondary minimum is found at r = 1.08d. The model further contains the frictional Stokes' drag force and a random Brownian force caused by the suspending liquid.
We analyze microstructures generated using Ψ 0 = 0 mV, which correspond to the ∆pH destabilization method and Ψ 0 = 15 mV, corresponding to the ∆I destabilization method. In the following, the ∆pH-microstructures are labeled as homogeneous and the ∆I-microstructures as heterogeneous. All structures have the same volume fraction of 0.4 and contain 8000 spherical particles forming one percolating cluster. The particles have a diameter of 0.5 µm.
B. Structure Characterization Methods
Common Neighbor and Dihedral Angle Distribution Function
The common neighbor analysis [20] considers pairs of particles, referred to as configurations, and determines the number of particles that are in contact with both particles of the configuration. In two dimensions, configurations can have at most two common neighbors. In three dimensions, configurations can have up to five common neighbors. The number of configurations with n common neighbors is denoted CN n with n = 1, . . . , 5. In this study, absolute numbers of configurations are compared as the microstructures analyzed have identical volume fraction, the same number of particles and equal particle diameters.
The common neighbor distribution describes the short range arrangement of particles. In particular, CN 0 is the number of pairs of contacting particles with no common neighbor. CN 1 counts the number of configurations with exactly one neighbor common to both particles, forming equilateral triangles. For n = 2 the four particles of the configuration form a regular tetrahedron if the two common neighbors are in contact, and a generalized tetrahedron, having one longer edge, otherwise.
Configurations with two or more common neighbors (CN 2 , . . . , CN 5 ) can be further characterized by the dihedral angle distribution. This distribution analyses the arrangement of the neighboring particles around the two particles of the configuration, which form regular triangles with each of their common neighbors. For n ≥ 2 there are at least two common neighbors. In this case, the dihedral angle ξ is defined as the angle between two planes spanned by triangles belonging to the same configuration as is shown in Fig. 4 . ξ is measured between one triangle and the triangles formed with each other common neighbor of the original couple of particles. Chemistry uses this method to characterize molecular structures [21] . In the field of granular matter, the dihedral angle distribution has been used to study the structural organization and correlations in very large packings of monodispersed spherical particles [22, 23] .
For two common neighbors in contact with each other, the four particles form a regular tetrahedron and the dihedral angle is 70.5
• . This angle constitutes the lower limit of the dihedral angle distribution. The upper limit is 180
• when the four particles are in a plane and form a square.
Formally, the dihedral angle ξ between two common neighbors of a configuration having a separation distance r between each other is defined by ξ = 2 arcsin r √ 3d . The dihedral angle distribution is given by p(ξ + δξ/2) = δN ξ (ξ, ξ + δξ) where δN ξ (ξ, ξ + δξ) is the number of generalized (open) tetrahedra with a dihedral angle between ξ and ξ + δξ [23] .
Straight Path Method
A straight path is a quasi-linear chain of contacting particles. The shortest chain consists of three particles. In order for three particles to form a straight path they have to fulfill the following condition: The angle θ between the vector connecting the first two particles (P 1 , P 2 ) and the vector connecting the second two particles (P 2 , P 3 ) must be smaller than a chosen threshold angle θ c . This is exemplified in Fig. 5 .
Analogously, a straight path of length l is one of length l − 1 that has another particle attached to one end and whose connection vector fulfills the condition to stay in a direction within a cone of angle θ c from the vector connecting the previous two particles. The distribution of straight path lengths is obtained by determining the number of straight paths SP l of length l = 3, . . . , l max , with l max the longest path under consideration. Absolute numbers are calculated and compared in the distribution of SP l .
The angle θ c determines the quasi-linearity and specifies the maximally allowed deflection from an absolute linear arrangement of the particles. The dependence of the straight path statistic on the angle θ c is presented as part of the results section and is used in order to choose a suitable angle θ c . The distribution of straight paths for the homogeneous and heterogeneous microstructures is compared. The average path length SP mean = Σ l≥3 lSP l /Σ l≥3 SP l and the number of paths longer than a chosen length l 0 is determined. The latter is defined by SP l≥l0 = Σ l≥l0 SP l (l 0 = 4 and 5) and permits to quantify differences in the number of straight paths with longer lengths, neglecting paths shorter than l 0 particles.
III. RESULTS AND DISCUSSION
A. Common Neighbor Analysis
The number of particle configurations CN n is higher for the heterogeneous than for the homogeneous microstructure for n = 0, . . . , 3 (Fig. 6 ). This can easily be understood as the mean coordination number of a particle in the heterogeneous microstructure is with 5.2 roughly 10% larger than in the homogeneous microstructures with 4.7. When normalized by the mean coordination number, the distributions collapse, indicating that the relative distribution of common neighbor configurations is identical for both microstructures. Thus, the common neighbor distribution does not capture in a suitable way the structural differences between these microstructures. 
B. Dihedral Angle Distribution
The dihedral angle distributions of both microstructures show a characteristic peak at 70.5
• (Fig. 7) corresponding to configurations that form regular tetrahedra with two common neighbors. The peak height is the same for both microstructures. The heterogeneous microstructure has a peak at 77
• , which is missing for the homogeneous one. This angle corresponds to a separation distance between the common neighbors of 1.08d which is the distance between particles trapped in the secondary minimum (Fig. 3) .
At ξ = 109.5
• the homogeneous microstructure has a peak that corresponds to a common neighbor separation of 1.41d ≈ √ 2d, which is absent in the case of the heterogeneous microstructure. This separation distance corresponds to two configurations forming a square and sharing two common neighbors. An additional characteristic peak is found at 141
• having roughly the same height for both microstructures and corresponding to two juxtaposed tetrahedra. The peak at 148
• is solely present for the heterogeneous microstructure and corresponds to one regular tetrahedron juxtaposed to one with a distance of 1.08d between the common neighbors.
In conclusion, even if there are sizable differences between homogeneous and heterogeneous structures, the absolute number of regular tetrahedra is virtually equal for both microstructures and the analysis does not reveal any structural difference that could explain the better mechanical properties of the heterogeneous microstructures. Thus, the common neighbor and the dihedral angle distributions are not suited to link the microstructural differences to the different mechanical properties.
C. Straight Path Analysis
The straight path analysis depends on the threshold angle θ c , hence, a suitable value θ c has to be determined. For small angles θ c only a small number of straight paths are expected because only a few particle chains satisfy the criterion to be a straight path. For large angles θ c many straight paths are found but the physical meaning of a straight path is lost as the path becomes less "straight" and thus loses its load bearing capacity. Also for increasing θ c the ratio of the number of paths with equal lengths between the heterogeneous and the homogeneous microstructure decreases. Figure 8 shows the number of straight path longer or equal to five particles for the homogeneous (SP shows a maximum. However, below 22
• the number of straight paths is quite small (SP l≥5 < 100) for both microstructures. Toward larger angles the absolute number of straight paths is increasing while the ratio SP For both microstructures the distribution of straight paths shows an exponential decrease with straight path length l SP (Fig. 9) . Both microstructures have approximately the same number of straight paths of length three. Toward longer path lengths the microstructures present a diverging behavior: the heterogeneous microstructure has more paths of longer length than the homogeneous microstructure. The distributions were fitted by an exponential law using SP l ∝ exp(−λl), with λ the characteristic inverse path length. A remarkably good fit of the data is obtained for both microstructures indicated by the values close to one for the correlation coefficients R 2 . The higher exponent λ found for the homogeneous microstructure demonstrates the more rapid decrease of the number of straight paths toward longer path lengths than in the case of the heterogeneous microstructure.
The values for the average path lengths (SP mean ) and the numbers of paths longer or equal to four (SP l≥4 ) and five (SP l≥5 ) are summarized in Table II . The average path length for the heterogeneous microstructure is only 5% longer than for the homogeneous microstructure because SP l=3 dominates the statistics and is almost identical for both structures. On the other hand, in the heterogeneous microstructure longer chains SP l≥4 and SP l≥5 are found 1.8 and 2.8 times more often, respectively, than in the homogeneous one.
To conclude, the number of straight paths in the homogeneous and heterogeneous microstructures follows an exponential distribution and a higher characteristic inverse path length λ is found for the homogeneous microstructure. The heterogeneous microstructure contains significantly more straight paths of longer lengths than the homogeneous one: in absolute numbers twice as many paths with a length ≥ 4 and three times as many having a length ≥ 5 are observed. These are very significant differences between the two microstructures.
Our results suggest that the differences in the straight path distributions are characteristic for the better mechanical properties of the heterogeneous microstructures. Indeed, in granular materials load is transmitted via force chains that are quasi-linear substructures of the particle network. This has been experimentally verified using photo-elasticity techniques [17] and computationally modelled using the discrete element method [18] . Also, the computational study of the force chain network in 2D granular assemblies of polydispersed particles subjected to indentation by a rigid flat punch has shown that the force chain length follows an exponential distribution [24] .
IV. CONCLUSIONS
Different chemical pathways during the internal destabilization of colloidal suspensions lead to wet ceramic green bodies with drastically different mechanical properties. The microstructures of these destabilized colloids reveal differences in the heterogeneity of the particle arrangements on a length scale in the order of a few particle diameters. Various microstructural characterization methods, i.e., the common neighbor distribution, the dihedral angle distribution and the straight path method, have been applied in order to analyze homogeneous and heterogeneous microstructures generated by Brownian dynamics simulations, which were shown to agree well with the experimentally determined microstructures of such coagulated colloidal particle systems.
Toward our goal, to establish a correlation between the microstructural differences and the differences in macro-scopic mechanical properties, it was found that the common neighbor and the dihedral angle distributions do not discriminate enough the differences between the homogeneous and heterogeneous microstructures and can therefore hardly account for the large differences in mechanical properties. The newly introduced straight path method reveals significantly more straight paths of longer lengths for the heterogeneous than for the homogenous microstructure: twice as many straight paths of length ≥ 4 particles and three times as many of length ≥ 5 particles are found in the heterogeneous microstructure. These differences in straight path number and length seem suitable to characterize and to differentiate between these structures and these differences are considered to be sufficiently large to account for the differences in mechanical properties. The straight paths may capture best the characteristic microstructural features which are relevant for the mechanical properties. The number of straight paths was found to follow an exponential distribution just like the distribution of the force chain lengths in mechanically loaded granular material [24] . Additionally, the quasi-linear structure of the straight paths seems to correspond to the geometrical shape of force chains [17, 18] that are well known to determine the load bearing capacity of granular matter. These findings are encouraging for an attempt to establish a correlation between defined microstructural features and the differences in mechanical properties of destabilized colloids.
Further quantitative structural analyses and computational modelling using the discrete element method are in progress to study the force chains in ceramic green bodies and to correlate them with the straight paths of their microstructures.
